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Objective: This study aimed at identifying the optimal threshold value to detect cartilage lesions with
Standardized delayed Gadolinium-Enhanced MRI of Cartilage (dGEMRIC) at 3 T and evaluate intra- and
inter-observer repeatability.
Design: We retrospectively reviewed 20 hips in 20 patients. dGEMRIC maps were acquired at 3 T along
radial imaging planes of the hip and standardized to remove the effects of patient’s age, sex and diffusion
of gadolinium contrast. Two observers separately evaluated 84 Standardized dGEMRIC maps, both by
visual inspection and using an average index for a region of interest (ROI) in the acetabular cartilage. A
radiologist evaluated the acetabular cartilage on morphologic MR images at exactly the same locations.
Using intra-operative ﬁndings as reference, the optimal threshold to detect cartilage lesions with
Standardized dGEMRIC was assessed and results were compared with the diagnostic performance of
morphologic magnetic resonance imaging (MRI).
Results: Using z < 2 as threshold and visual inspection of the color-adjusted maps, sensitivity, speci-
ﬁcity and accuracy for Observer 1 and Observer 2, were 83%, 60% and 75%, and 69%, 70% and 69%,
respectively. Overall performance was 52%, 67% and 58%, when using an average z for the acetabular
cartilage, compared to 37%, 90% and 56% for morphologic assessment. The kappa coefﬁcient was 0.76 and
0.68 for intra- and inter-observer repeatability, respectively, indicating substantial agreement.
Conclusions: Standardized dGEMRIC at 3 T is accurate in detecting cartilage damage and could improve
preoperative assessment in femoroacetabular impingement (FAI). As cartilage lesions in FAI are localized,
visual inspection of the Standardized dGEMRIC maps is more accurate than an average z for the
acetabular cartilage.
 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Symptomatic hip osteoarthritis (OA) is a highly disabling
degenerative joint disease and the most common indication
(w90%) for total hip replacement1. A percentage of the OA cases
traditionally classiﬁed as idiopathic may be secondary to femo-
roacetabular impingement (FAI)2, a dysfunction that causes labral
tears3 and chondral delamination or erosion2,4. The prevalence ofR. Lattanzi, The Bernard and
York University School of
Y 10016, USA. Tel: 1-212-263-
attanzi).
s Research Society International. PFAI in the general population isw15%5, but is higher among active
young adults, approaching 90% in elite athletes6,7. Especially in
these cases, it is critical to delay or prevent end-stage hip OA.
Success of joint preserving surgeries, aimed at correcting the bony
abnormality responsible for FAI to restore pain-free functionality
and stop cartilage degeneration8, depends strongly on early diag-
nosis9,10. However, recognition of FAI both clinically and radio-
graphically may be difﬁcult and symptomatic patients wait on
average almost two years before being correctly diagnosed with
abnormalities of acetabular labrum and cartilage11. Magnetic
resonance arthrography (MRA) has been increasingly advocated
due to nearly 100% accuracy in assessing labral tears12, but it is not
as effective for cartilage lesions13,14. Furthermore, MRA can detect
only morphologic changes, whereas cartilage may already be irre-
versibly compromised at a biochemical level despite appearing asublished by Elsevier Ltd. All rights reserved.
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T2*16 and T1-rho17 mapping, and delayed Gadolinium-Enhanced
MRI of Cartilage (dGEMRIC)18,19, have been proposed to detect the
earliest signs of cartilage degeneration. In dGEMRIC, T1 relaxation
time in cartilage is calculated after administration of a negatively
charged contrast agent (Gd-DTPA2) as an indirect measure of the
loss of glycosaminoglycans (GAGs), an early degenerative
biochemical change20 that precedes any structural damage in the
cartilage. Although dGEMRIC has been extensively validated18,19,21e
23, it is still unclear how to best interpret dGEMRIC T1 maps to
impact clinical decisions.
A method was recently proposed to improve detection of
cartilage lesions in FAI (hereinafter referred to as “Standardized
dGEMRIC”) and validated at 1.5 T24. We hypothesized that using
Standardized dGEMRIC at 3 T, for improved signal-to-noise ratio
(SNR), and along radial imaging sections of the hip, which allow
orthogonal display of the acetabular rim to minimize volume-
averaging effects25,26, chondral damage can be identiﬁed more
accurately than with morphologic magnetic resonance imaging
(MRI). Using intraoperative ﬁndings as the reference, we looked for
the Standardized dGEMRIC threshold that maximizes the ability to
detect acetabular cartilage lesions in symptomatic FAI patients. We
also sought to establish intra- and inter-observer repeatability of
Standardized dGEMRIC.
Materials and methods
Study population
We retrospectively reviewed 20 hips (12 left) in 20 patients (11
females) who underwent hip arthroscopy after being diagnosed
with symptomatic FAI, based on clinical examination and plain
radiographic ﬁndings. None of the patients had previous hip sur-
gery, associated dysplasia or other hip problems. This study was
approved by the local ethics committee.
Pre-operative MRI
A screening for risk of Nephrogenic Systemic Fibrosis (NSF) was
conducted using a questionnaire before the MRI exam. Mean age
was 34.2  11.2 years. A double dose (0.2 mmol/kg) of Gd-DTPA2
(Magnevist, Bayer Healthcare) was injected intravenously and
then patients walked for 15 min27 on a treadmill prior to imaging
on a 3 T MR system (Siemens Medical Solutions, Erlangen, Ger-
many). dGEMRIC data were acquired at the end of the hip imaging
protocol, corresponding to at least 45 min after gadolinium injec-
tion. We employed a rapid 2D T1-mapping pulse sequence, insen-
sitive tomagnetic ﬁeld inhomogeneities28. T1 maps were calculated
analytically using T1 ¼TD/log (1ISR/IPD), where the ﬁrst fast spin
echo (FSE) image (ISR) is acquired after applying a saturation pulse
with a saturation recovery (SR) time delay (TD) of 700 ms, and the
second FSE image (IPD) acquisition is performedwith TR¼ 4,000ms
and without the saturation pulse. TR (including the saturation
pulse, recovery time, and FSE readout duration) was 850 ms for the
SR acquisition. Relevant imaging parameters of the T1-mapping
pulse sequence were: matrix size ¼ 448  448, in-plane spatial
resolution ¼ 0.6  0.6 mm2, slice thickness ¼ 4 mm, FSE readout
duration ¼ 143 ms, TE ¼ 10 ms, receiver bandwidth¼ 161 Hz/pixel,
turbo factor ¼ 13, refocusing ﬂip angle ¼ 180, acquisition time
w1 min 40 s per slice, using parallel imaging with an acceleration
factor ¼ 1.8. For each patient, six dGEMRIC T1 maps were acquired
on radial sections spanning the anterior-superior (AS) to posterior-
superior (PS) quadrants of the acetabulum. Radial planes exploit
the geometry of the hip joint and allows orthogonal display of the
acetabular rim, minimizing partial volume averaging25,26. Sixproton-density-weighted (PD-weighted) images were acquired
with an FSE pulse sequence (total acquisition time ¼ 2 min 20 s) at
the same radial locations, using matrix size ¼ 448  448, in-plane
spatial resolution ¼ 0.4  0.4 mm2, slice thickness ¼ 4 mm, ﬂip
angle¼ 150 and TR/TE¼ 3,110/25ms. Fat suppressionwas used for
both the T1-mapping and FSE pulse sequences.
Standardized dGEMRIC analysis
Image processing and analysis was performed using in-house
software, developed in Cþþ. The MR image with the highest
signal between the two employed to calculate T1 (i.e., IPD) was used
to guide cartilage segmentation on the corresponding dGEMRIC T1
map. dGEMRIC data were standardized [Fig. 1], to remove the ef-
fects of patient’s age, size, sex, diffusion of gadolinium contrast,
etc24. In Standardized dGEMRIC, measurements are reported with
respect to an internal reference corresponding to healthy cartilage,
rather than displaying the actual T1 values. The ﬁrst step consists in
deﬁning a region of interest (ROI) e femoral ROI e over the central
portion of the femoral cartilage, which is normally healthy in early
stage FAI29,30. The original dGEMRIC T1map is then reformatted in a
parametric map, by transforming the T1 values (x) to standard
scores (z) using z ¼ (x  m)/s, where m and s are the mean and
standard deviation of T1 within the femoral ROI. The weight-
bearing portion of the hip articular cartilage is manually
segmented on each parametric map e global ROI e and super-
imposed to the corresponding morphologic MR image. In the
resulting Standardized dGEMRIC maps, z < 0 indicates T1 lower
than in normal cartilage and therefore a reduced concentration of
GAGs. Standardized dGEMRIC is a method for displaying quantita-
tive information in an intuitive way to improve clinical interpre-
tation. Cartilage assessment was performed by visual inspection of
the global ROI, after adjusting the color scale of the standardized
dGEMRIC maps in order to highlight regions where z was below a
particular threshold. A recent preliminary study suggested z < 2
and z < 3 as reliable thresholds to discriminate normal from
abnormal cartilage, with the former favoring sensitivity and the
latter speciﬁcity24. In this work, we compared the cases of z < 2,
z<2.5, z<3 and z<3.5. The presence of a cartilage lesionwas
recorded every time an area with z lower than the threshold
extended over the full thickness of the acetabular cartilage (as for
the example in Fig. 1). In order to establish whether a single z index
is as effective as visual inspection of the cartilage in Standardized
dGEMRIC, we recorded the average z in an acetabular cartilage ROI,
extending from the lateral edge of the acetabulum to half distance
between labrum and fovea.
Two observers separately performed Standardized dGEMRIC
analysis. Observer 1 had over 2 years of experience with the image
analysis software, whereas Observer 2 was new to cartilage seg-
mentation and image processing in general. Observer 2 repeated
the analysis after 15 days. Each radial dGEMRIC T1 map was pre-
sented individually and in random order to the two independent
observers, who were blinded to patient identity, each other, the
radiologic report and the ﬁndings at arthroscopy.
Morphologic evaluation
A fellowship trained musculoskeletal radiologist with ten years
experience evaluated the acetabular cartilage on the only those PD-
weighted MR images which corresponded to the same slice posi-
tion of the dGEMRIC maps. Images were evaluated on a clinical
picture archiving and communications system (PACS) station.
Cartilage was graded on a scale from 0 to 3, with 0 ¼ normal,
1 ¼ lesion extending over less than 50% of the cartilage thickness,
2 ¼ lesion extending over more than 50% of the cartilage thickness,
Fig. 1. Schematic illustration of the procedure for generating Standardized dGEMRIC maps. First, an ROI is deﬁned over the central portion of the femoral cartilage, assumed to be
healthy (bottom row, left). The mean (m) and standard deviation (s) of the T1 values in such ROI are used to transform the dGEMRIC T1 map (top row, left) into a parametric map (top
row, center), where each pixel represents a z value, calculated from a corresponding T1 value (x) as z ¼ (x  m)/s. A second ROI is then deﬁned over the weight-bearing portion of the
hip articular cartilage (bottom row, right) and used to segment the parametric map. Finally, the color scale is adjusted to highlight regions of abnormal cartilage (z < 0) and the
resulting Standardized dGEMRIC map is superimposed to the corresponding morphologic image (top row, right), which frames it within the hip anatomy.
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interested in the presence of any type of cartilage pathology, so
grades 1e3 were grouped together. Cartilage was considered
normal if maintained its contiguity with the subjacent labrum, and
was uniform in thickness and signal. The following imaging ﬁnd-
ings were used to determine the presence of cartilage pathology:
morphologic defect, surface irregularity, increased intrasubstance
signal, focally decreased cartilage thickness, high signal cleft be-
tween cartilage and subchondral bone, increased signal in sub-
chondral bone. The reader was blinded to the dGEMRIC
information, the radiologic report and the ﬁndings at arthroscopy.Validation against intra-operative ﬁndings
All patients underwent hip arthroscopy 54  34 days after MRI.
MRI data were re-analyzed retrospectively at the time of this study.
Surgeries were performed by one of three orthopedic surgeons at
our institution who had 3e20 years of clinical experience and 3e5
of hip arthroscopic experience. Routine hip arthroscopy of the
central and peripheral compartments was performed on all pa-
tients, using the anterior-lateral, posterior-lateral, anterior and
modiﬁed anterior portals with the patient in the supine position.
All acetabular cartilage surfaces were probed and evaluated for any
signs of damage. All full thickness chondral delamination lesions
were resected back to normal cartilage to determine the extent of
the damage. Acetabular cartilage injury/defects were documented
and graded according to the macroscopic damage and the accurate
zonal location31 on a post-operative descriptive hip form [Fig. 2],
which allowed standardization across the three different surgeons.Labral pathologies and injures to the femoral cartilage were not
considered in this study.
For each Standardized dGEMRIC map and threshold z value, we
assessed whether cartilage regions with z below the threshold
corresponded to arthroscopically proven cartilage damage (any
type of injury/defect). The optimal threshold for the average
acetabular cartilage z index was identiﬁed with an receiver oper-
ating characteristic (ROC) analysis. Morphologic assessment was
also validated against intra-operative ﬁndings.Statistical analysis
Logistic regression for correlated data was used to assess and
compare methods (Standardized dGEMRIC e four threshold values
e and morphologic imaging) and radial quadrants (AS and PS) in
terms of diagnostic accuracy for detection of lesions relative to
arthroscopy. Speciﬁcally, generalized estimating equations (GEE)
based on a binary logistic regression model were used to model
agreement with the reference standard as a function of observer,
method and radial quadrant, while accounting for statistical de-
pendencies among results derived for the same patient. The cor-
relation structure was modeled by assuming observations to be
symmetrically correlated when acquired from the same patient and
to be independent when derived for the same patient. All statistical
tests were conducted at the two-sided 5% signiﬁcance level. An ROC
analysis was conducted using the average z in the acetabular
cartilage ROI to identify the threshold z that was optimal in the
sense of maximizing the average of sensitivity and speciﬁcity for
the detection of cartilage damage compared to arthroscopy. Intra-
Fig. 2. Post-operative descriptive hip form used by the surgeons to document the type and location of acetabular cartilage injuries found during arthroscopy.
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concordance correlation coefﬁcient for the mean T1 value in the
femoral ROI and the simple kappa coefﬁcient for the diagnostic
decisions based on selected choices of threshold z value.
Results
One patient was intra-operatively found to have isolated CAM-
type FAI, 18 patients had a mix of CAM- and Pincer-type FAI,
whereas one patient had a labral tear but no bone impingement.
Due to wrapping and motion artifacts, the number of usable
dGEMRIC maps varied among patients, ranging from 2 to 6 (84
total), with at least one in the AS quadrant and one in the PS
quadrant for each case. Fig. 3 shows the average, among the radial
sections available for each patient, of the mean femoral ROI T1values (m). The corresponding standard deviation (s) is not shown
and was on average 52, 70 and 69 ms for Observer 1, Observer 2 (I)
and Observer 2 (II), respectively. Baseline T1 was therefore consis-
tent overall among radial sections of the same patient, but varied
among patients [Fig. 3], ranging from w1,050 m to w650 ms.
Average T1 in the femoral ROI among all sections and all observers
was 881  123. Concordance correlation (Rcc) for mean T1 in the
femoral ROI was 0.87 and 0.86 for intra- and inter-observer
repeatability, respectively. This implies substantial agreement, as
suggested by the proximity of data points along each vertical line in
Fig. 3.
Standardized dGEMRIC maps and corresponding PD-weighted
images for two representative radial sections in the AS quadrant
of two left hips are shown in Fig. 4. The color scale has been
adjusted to highlight regions where GAG concentration is lower
Fig. 3. Average, among all radial sections of each patient, of the mean T1 (m) in the
femoral ROI. In each case, values are shown for the dGEMRIC analysis of Observer 1 and
for the two sessions of Observer 2. The age at the time of the MRI scan is reported in
the x-axis for the 20 patients.
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highest threshold considered in this work. For the case at the top of
Fig. 4, cartilage was intra-operatively found to be healthy and was
correctly diagnosed as normal by both Standardized dGEMRIC and
morphologic assessment. For the case at the bottom, cartilage was
reported as normal by morphologic evaluation, whereas arthro-
scopic ﬁndings indicated cartilage damage that was clearly high-
lighted by the Standardized dGEMRIC map. Fig. 5 shows a similar
example for two radial sections in the PS quadrant.Fig. 4. Standardized dGEMRIC maps for two representative radial sections in the AS region
illustrations in the left column. The central column shows the PD-weighted radial images an
spatial distribution of the z values in the weight-bearing portion of the hip articular cartila
concentration lower than normal. The map in the top row indicates normal cartilage (i.e., z 
in the bottom row, cartilage was found to be injured during arthroscopy and it is clearly dam
based on the PD-weighted image.Combining the results of Observer 1 with those of the two
sessions of Observer 2, accuracy and sensitivity in detecting
cartilage injuries found at arthroscopy were higher for Stan-
dardized dGEMRIC than morphologic assessment for three out of
four threshold z values (Table I). On morphologic assessment,
cartilage was scored as grade 0, 1, 2 and 3 on 61, 6, 5 and 12
sections, respectively. Sensitivity of Standardized dGEMRIC was
signiﬁcantly higher for z < 2 and z < 2.5 compared to the
other thresholds (P < 0.0001) and morphologic evaluation
(P < 0.0001 for z < 2 and P ¼ 0.0092 for z < 2.5), although the
speciﬁcity was signiﬁcantly lower (P < 0.0074 for z < 2 and
P < 0.0289 for z < 2.5) when comparing the same cases. Fig. 6
shows a representative case for which using a threshold smaller
than z ¼ 2.5 resulted in missing a cartilage lesion conﬁrmed at
arthroscopy. Speciﬁcity (P < 0.05 when using z < 2) was
considerably higher in all cases for radial sections in the AS
quadrant (Table II). Table III compares the results of Observer 1
with those of the two sessions of Observer 2. When using z < 2
as threshold, accuracy, sensitivity and speciﬁcity of Standardized
dGEMRIC for the detection of arthroscopically proven cartilage
lesions were 75.0%, 83.3% and 60.0%, respectively, for the most
experienced user (i.e., Observer 1). Despite differences in
Table III, intra- and inter-observer repeatability analysis showed
substantial agreement (Table IV) and only sensitivity was
signiﬁcantly higher (P ¼ 0.0064) for Observer 1 compared to the
two sessions of Observer 2. The ROC analysis identiﬁed z < 1.9
as the optimal threshold when using an average z within the
acetabular cartilage ROI and Table V shows sensitivity, speciﬁcity
and accuracy with respect to arthroscopic ﬁndings for such cri-
terion. The acetabular z among all sections
was 1.8  1.7, 1.4  1.7 and 1.5  1.6, for Observer 1,
Observer 2 (I) and Observer 2 (II), respectively. The T1 value for
the same acetabular ROI’s is shown in Fig. 7 and was on average
775  151 ms (median ¼ 791 ms), which is in agreement with a. The anatomic position of each section is speciﬁed by the black line on the schematic
d the right column shows the corresponding Standardized dGEMRIC maps, where the
ge is superimposed to an MR image of the hip. Values smaller than zero indicate GAG
2), and that was conﬁrmed by morphologic and arthroscopic assessment. For the case
aged (i.e., z < 2) for the Standardized dGEMRIC map, whereas it was ruled as normal
Fig. 5. Standardized dGEMRIC maps for two representative radial sections in the PS region. The black line on the schematic illustrations in the left column speciﬁes the anatomic
position of each section. PD-weighted radial images are shown in the central column and the corresponding Standardized dGEMRIC maps are shown in the right column. The spatial
distribution of the z values is shown for the weight-bearing portion of the hip articular cartilage and superimposed to an MR image. Values lower than zero indicate that GAG
concentration is lower than normal and the threshold for damaged cartilage was deﬁned as z < 2. Cartilage was normal on arthroscopic evaluation for the case in the top row and
was read as normal on the PD-weighted image. The Standardized dGEMRIC map shows focal areas of low z, but they do not extend over the full thickness of the cartilage, which was
therefore correctly ruled as normal. The map in the bottom row shows damaged cartilage in the peripheral region and that was conﬁrmed by arthroscopic assessment, whereas no
morphologic changes were found on the PD-weighted image.
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below the threshold were 42, 34 and 39, for Observer 1, Observer
2 (I) and Observer 2 (II), respectively.
Discussion
Preoperative assessment of articular cartilage is essential to the
success of joint-preserving arthroscopic procedures for FAI9,10.
Cartilage damage is difﬁcult to detect with morphologic MRI,
especially in early stages of degeneration. The reliability of
dGEMRIC as an indirect measurement of early biochemical changes
in damaged articular cartilage has been shown18,19,21,33. This study
showed that dGEMRIC is more accurate than morphologic MRI at
3 T for detecting cartilage damage associated with FAI.
Few other studies investigated the role of dGEMRIC in FAI.
Bittersohl et al. showed that the mean T1 value in the hip cartilage
is lower in FAI patients than asymptomatic volunteers and sug-
gested that dGEMRIC could have higher sensitivity than standard
MRI assessment34. However, what T1 threshold should be used
clinically to separate normal from abnormal cartilage was not
investigated. A study (n ¼ 25) showed that average hip cartilage T1
at 1.5 T was 643.3 ms for the asymptomatic control group (n ¼ 12),
compared to 488.13 ms and 462.0 ms for the CAM- (n ¼ 6) and
Pincer-type (n ¼ 7) FAI groups, respectively23. Another study
investigated T1 < 500 ms as threshold to identify abnormal
cartilage at 1.5 T, but, although effective for patients with hipTable I
Estimate and 95% conﬁdence limits (lowereupper%) for the overall diagnostic performanc
detection of cartilage abnormalities relative to arthroscopic ﬁndings
dGEMRIC z < 2 dGEMRIC z < 2.5
Accuracy 69% (60e77 %) 64% (53e73 %)
Sensitivity 74% (61e83 %) 61% (47e74 %)
Speciﬁcity 61% (45e75 %) 68% (51e81 %)dysplasia, results were not encouraging for FAI35. Two studies
compared detection of cartilage damage by standard MRI obser-
vations and dGEMRIC at 1.5 T, using T1 < 500 ms as threshold24,36.
One study found very weak correlation (Kappa correlation ¼ 0.114)
with intra-operative ﬁndings for the latter and moderate correla-
tion (Kappa correlation ¼ 0.535) for the former36. The other study
reported sensitivity, speciﬁcity and accuracy of 47%, 58% and 55%,
and 47%, 79% and 70% for dGEMRIC and morphologic evaluation,
respectively24. The poor performance associated with using a
single global dGEMRIC threshold is due to the large inter-subject
variability of baseline cartilage T1 in FAI, as shown in Fig. 3 and
Refs. 23,24,34,35, which leads to erroneous assessment for individual
cases. Pollard et al. made the ﬁrst attempt to normalize dGEMRIC
T1 values32. They divided the average T1 in the acetabular cartilage
by the average T1 in the total cartilage (femoral and acetabular)
and showed that it was possible to discriminate healthy subjects
from patients with CAM-type FAI (P < 0.001). However, they also
showed that such approach was not effective in evaluating indi-
vidual cases. A recent study proposed to transform dGEMRIC T1
values into standard scores (z), reporting sensitivity and speciﬁcity
in detecting cartilage lesions of 88% and 51%, and 71% and 63%,
when using z < 2 and z < 3 as thresholds, respectively24. The
main limitations of that study were the small sample size (n ¼ 30)
and the use of coronal sections, which, due to the hip joint’s po-
sition and orientation within the pelvis, are susceptible to partial
volume averaging errors.e of standardized dGEMRIC (various thresholds) andmorphologic assessment for the
dGEMRIC z < 3 dGEMRIC z < 3.5 Morphologic
59% (47e69 %) 51% (39e64 %) 56% (44e67 %)
50% (37e63 %) 36% (23e51 %) 37% (29e45 %)
74% (57e86 %) 79% (66e88 %) 90% (66e98 %)
Fig. 6. Standardized dGEMRIC maps of a representative hip with the color scaling adjusted for different threshold values. For each map, the color orange represents the transition
between normal and abnormal cartilage. In this case, a chondral defect was found on arthroscopic evaluation and it is shown on the Standardized dGEMRIC map only when the
z < 2 or z < 2.5 (top row) are used as threshold values.
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optimal z threshold that maximizes diagnostic performance of
Standardized dGEMRIC at 3 T. The higher magnetic ﬁeld strength
provided larger SNR compared to the above-mentioned study at
1.5 T24, which improved image quality and enabled using parallel
imaging to accelerate image acquisition. One disadvantage of 3 T is
increased in homogeneity of the radiofrequency magnetic ﬁeld,
which we addressed by employing a 2D T1-mapping pulse
sequence insensitive to these effects28. Compared to the standard
2D multipoint inversion recovery and the 3D dual ﬂip-angle GRE-
based T1-mapping pulse sequences23,27,35e38, our implementationTable II
Diagnostic performance of standardized dGEMRIC (various thresholds) and
morphologic assessment for radial sections in the AS and PS quadrant. dGEMRIC
results for Observer 1 and the two sessions of Observer 2 are grouped. P value is
reported for differences between the results for different quadrants
Method AS PS P-Value
Accuracy z < 2 73.3% (77/105) 66.0% (97/147) 0.44
z < 2.5 65.7% (69/105) 61.9% (91/147) 0.72
z < 3 60.0% (63/105) 57.8% (85/147) 0.84
z < 3.5 43.8% (46/105) 56.5% (83/147) 0.27
Morphologic 42.9% (15/35) 65.3% (32/49) 0.10
Sensitivity z < 2 71.4% (60/84) 75.6% (59/78) 0.67
z < 2.5 61.9% (52/84) 60.3% (47/78) 0.90
z < 3 53.6% (45/84) 46.2% (36/78) 0.56
z < 3.5 33.3% (28/84) 38.5% (30/78) 0.68
Morphologic 28.6% (8/28) 46.2% (12/26) 0.32
Speciﬁcity z < 2 81.0% (17/21) 55.1% (38/69) 0.30
z < 2.5 81.0% (17/21) 63.8% (44/69) 0.47
z < 3 85.7% (18/21) 71.0% (49/69) 0.47
z < 3.5 85.7% (18/21) 76.8% (53/69) 0.63
Morphologic 100.0% (7/7) 87.0% (20/23) 0.82allowed acquiring dGEMRICmaps in a short time and directly along
radial imaging sections of the hip, which minimized partial volume
averaging.
Our results showed that for the most experienced user
(Observer 1), sensitivity and speciﬁcity were 83.3% and 60.0%, and
63.0% and 70.0%, when using z < 2 and z < 3 as thresholds,
respectively (Table III). Our overall results (Table I) suggest that the
optimal threshold is z < 2, which corresponds to deﬁning carti-
lage to be abnormal when its T1 differs from the mean T1 in a
reference region of healthy cartilage by more than twice the stan-
dard deviation of T1 in such region. The same threshold was re-
ported to be optimal at 1.5 T24, suggesting that Standardized
dGEMRIC could be used to compare results at different magnetic
ﬁeld strength. Although a similar threshold (i.e., z < 1.9) wasTable III
Diagnostic accuracy of standardized dGEMRIC (various thresholds) for Observer 1
and the two sessions of Observer 2. P value is reported for differences between the
results of Observer 1 and Observer 2 (I)
Threshold Observer 1 Observer 2 (I) Observer 2 (II) P-Value
Accuracy z < 2 75.0% (63/84) 69.0% (58/84) 63.1% (53/84) 0.20
z < 2.5 69.0% (58/84) 61.9% (52/84) 59.5% (50/84) 0.19
z < 3 65.5% (55/84) 56.0% (47/84) 54.8% (46/84) 0.10
z < 3.5 56.0% (47/84) 50.0% (42/84) 47.6% (40/84) 0.20
Sensitivity z < 2 83.3% (45/54) 68.5% (37/54) 68.5% (37/54) 0.006
z < 2.5 72.2% (39/54) 55.6% (30/54) 55.6% (30/54) 0.01
z < 3 63.0% (34/54) 46.3% (25/54) 40.7% (22/54) 0.06
z < 3.5 46.3% (25/54) 33.3% (18/54) 27.8% (15/54) 0.04
Speciﬁcity z < 2 60.0% (18/30) 70.0% (21/30) 53.3% (16/30) 0.10
z < 2.5 63.3% (19/30) 73.3% (22/30) 66.7% (20/30) 0.11
z < 3 70.0% (21/30) 73.3% (22/30) 80.0% (24/30) 0.31
z < 3.5 73.3% (22/30) 80.0% (24/30) 83.3% (25/30) 0.10
Table V
ROC results showing estimate and 95% conﬁdence limits (lower e upper %) for the
overall diagnostic performance of z < 1.9 as the threshold for the average z in the
acetabular cartilage ROI to detect cartilage damage relative to arthroscopic ﬁndings.
results for Observer 1 and the two sessions of Observer 2 are grouped
Accuracy 57.5% (145/252) 51.2e63.5%
Sensitivity 52.5% (85/162) 44.5e60.4%
Speciﬁcity 66.7% (60/90) 55.9e76.3%
Table IV
Kappa coefﬁcient (K) to assess intra- and inter-observer repeatability for the diag-
nostic decisions based on selected choices of threshold z score. 95% conﬁdence limits
(lowereupper) are reported. These results imply substantial agreement
dGEMRIC
z < 2
dGEMRIC
z < 2.5
dGEMRIC
z < 3
dGEMRIC
z < 3.5
Intra-observer 0.76
(0.67e0.93)
0.76
(0.67e0.93)
0.77
(0.68e0.94)
0.75
(0.66e0.92)
Inter-observer 0.68
(0.53e0.83)
0.67
(0.52e0.82)
0.62
(0.49e0.78)
0.66
(0.51e0.82)
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responding diagnostic performancewas considerably lower (Table I
vs Table V). This suggests that a single index averaged over a
cartilage region is not the optimal strategy to analyze dGEMRIC
measurements, whether they were previously standardized or not.
In fact, cartilage lesions are often localized in FAI30,39, especially in
the early stages, and averaging dGEMRIC values over an extended
region could hide their presence. Standardized dGEMRIC analysis
improves the clinical interpretation because it relies on the visual
inspection of the cartilage following image-processing steps that
allow areas of potentially damaged cartilage to stand out in darker
color on the maps.
Standardized dGEMRIC can improve cartilage assessment
compared to morphologic MRI (Table I). A range of values was re-
ported by other studies for sensitivity (47e93%) and speciﬁcity
(77e89%) in detecting cartilage defects with morphologic MRI,
with and without injection of a contrast agent13,14,24,40e42. How-
ever, a fair comparison with our results is not possible because
different patient population, image planes (e.g., coronal), magnetic
ﬁeld strength, image modality (intra-articular, intra-venous or noFig. 7. Average T1 in the acetabular cartilage ROI used for the ROC analysis. Average T1 valu
indicated by the horizontal gray line.gadolinium injection) or surgical technique (e.g., open surgery)
were used in those studies.
If we assume, as it is often the case, that intra-operative
ﬁndings in the AS quadrant are more reliable than those in
other quadrants because the cartilage is directly visualized by the
surgeon during arthroscopy, then actual overall speciﬁcity of
Standardized dGEMRIC could be 81% instead of 55% (Table II). The
relatively low speciﬁcity of dGEMRIC may be due to reasons
intrinsic to the technique, which can detect biochemical changes
in cartilage before macroscopic effects occur. In fact, a limitation
of this study is that all patients had a damaged labrum, likely
corresponding to some degree of cartilage degeneration, at least
at the biochemical level. Unfortunately, this limitation is inherent
to this type of study, because it is unlikely for FAI patients to
undergo arthroscopy without any ﬁnding and it is not ethically
acceptable to perform surgery on healthy, asymptomatic
volunteers.
The generality of our conclusions is limited by the retrospective
nature of the study and by the small study group of only 20 pa-
tients, not necessarily representative of a clinically relevant popu-
lation with FAI. However, the 84 available radial sections were
analyzed independently, since they were de-identiﬁed and pre-
sented randomly to the observers, so the effective sample size in
terms of statistical power was larger than the number of patients.
Another limitation of this study is the fact that 36 radial sections
could not be used because of motion, or wrapping artifacts. As
prescribing radial planes in the hip could be challenging for MR
technologists, we plan tomodify our T1-mapping pulse sequence to
allow volumetric acquisitions, which can be easily reformatted
radially.
The number of observers was necessarily limited by logistical
and practical constraints, as image segmentation and analysis was
time consuming. However, the variation between two observers
with disparate levels of experience, as it was the case for this study,
is expected to over-estimate inter-observer variability. Therefore, as
our results showed that variation between Observer 1 and 2 is low,
it seems reasonable to assume that results from two random ob-
servers should also exhibit substantial agreement, after a learning
period to familiarize with the analysis method. As dGEMRIC maps
were randomized and analyzed independently, observers were
truly blinded to patient’s identity. Therefore, the interval of 15 dayses are reported for each of the 84 radial sections and the median point (i.e., 791 ms) is
R. Lattanzi et al. / Osteoarthritis and Cartilage 22 (2014) 447e456 455between the two evaluation sessions of Observer 2, also used in the
past for similar studies28, is expected to be sufﬁciently long that the
observer did not recall the pertinent details of any one map be-
tween evaluations.
In conclusion, this study suggests that Standardized dGEMRIC at
3 T is repeatable and could considerably improve preoperative
assessment of hip articular cartilage, a critical component in the
decision making process for the surgeon and patient considering
hip arthroscopy for FAI. This study compared dGEMRIC and
morphologic MRI in isolation, but there may be further advantages
in combining the two methods for a comprehensive diagnostic
evaluation of FAI.
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